Cholangiocarcinoma represents the second most common primary liver tumor after hepatocellular carcinoma. Mahanine, a carbazole alkaloid derived from Murraya koenigii (Linn.) Spreng, has been used as folk medicine in Thailand, where the liver fluke-associated cholangiocarcinoma is common. The expression of microphthalmia-associated transcription factor (MITF) is maintained at immunohistochemically undetectable levels in hepatocytes and cholangiocytes. To explore the regulation of MITF expression in the liver, we immunohistochemically analyzed the MITF expression using hepatocellular carcinoma and cholangiocarcinoma specimens of the human liver cancer tissue array. MITF immunoreactivity was detected in subsets of hepatocellular carcinoma (6 out of 38 specimens; 16%) and cholangiocarcinoma (2/7 specimens; 29%). Moreover, immunoreactivity for glioma-associated oncogene 1 (GLI1), a transcription factor of the Hedgehog signaling pathway, was detected in 55% of hepatocellular carcinoma (21/38 specimens) and 86% of cholangiocarcinoma (6/7 specimens). Importantly, MITF was detectable only in the GLI1-positive hepatocellular carcinoma and cholangiocarcinoma, and MITF immunoreactivity is associated with poor prognosis in patients with hepatocellular carcinoma. Subsequently, the effect of mahanine was analyzed in HepG2 human hepatocellular carcinoma and HuCCT1 and KKU-100 human cholangiocarcinoma cells. Mahanine (25 µM) showed the potent cytotoxicity in these hepatic cancer cell lines, which was associated with increased expression levels of MITF, as judged by Western blot analysis. MITF is overexpressed in subsets of hepatocellular carcinoma and cholangiocarcinoma, and detectable MITF immunoreactivity is associated with poor prognosis in patients with hepatocellular carcinoma. MITF expression levels may be determined in hepatic cancer cells by the balance between the Hedgehog signaling and the cellular stress.
Introduction
Microphthalmia-associated transcription factor (Mitf) contains a basic helix-loop-helix and a leucine-zipper (bHLH-LZ) structure, and it has been established as a key regulator for development of melanocytes and the retinal pigment epithelium (RPE) (Hodgkinson et al. 1993; Hughes et al. 1993; Steingrimsson et al. 1994; Hozumi et al. 2012) . However, subsequent studies have suggested the pleiotropic functions of Mitf in various organs, including liver (Smith et al. 1994) , pancreas (Mazur et al. 2013) , kidney , lung (Takeda et al. 2007 ), olfactory bulb (Ohba et al. 2015) , and frontal cortex (Takeda et al. 2014; Ohba et al. 2016) . In particular, the Mitf vitiligo mouse, Mitf vit /Mitf vit , is characterized by retinal degeneration and the accumulation of retinyl palmitate in RPE and the liver (Smith et al. 1994) . The Mitf vit protein carries the Asp222Asn substitution (Steingrimsson et al. 1994) and its mutant protein is predicted to show the decrease in Mitf function (Yasumoto et al. 2002) . Thus, Mitf may be involved in the metabolic function of hepatocytes and/or cholangiocytes. However, the immunohistochemical analysis of the mouse liver revealed that Mitf immunoreactivity was detected only in Kupffer cells, but not detectable in hepatocytes, cholangiocytes, and other cell types . In addition, the mRNA levels of MITF, a human orthologue of Mitf, were marginally detected in the human liver (Samatiwat et al. 2016) . We therefore hypothesize that the expression of Mitf/MITF may be maintained at the low level in hepatocytes and cholangiocytes.
Cholangiocarcinoma is a malignant tumor that is originated from the biliary epithelial cell, and is the second most common primary liver tumor, accounting for about 10-15% after hepatocellular carcinoma (Shaib and El-Serag 2004) . Both types of hepatic cancer are characterized by poor prognosis. We reported that cyclopamine, an inhibitor of Hedgehog signaling, increased the expression levels of MITF in human hepatocellular carcinoma and cholangiocarcinoma cell lines (Samatiwat et al. 2016) . Importantly, cyclopamine is a natural teratogen, contained in the plant Veratrum californicum, and it causes craniofacial birth defects in sheep, such as cyclopia (Lee et al. 2014) . Cyclopamine acts on a signal transducer, Smoothened, located in plasma membrane (Lee et al. 2014) to inhibit the Hedgehog signaling. In the presence of a Hedgehog ligand, Smoothened enhances nuclear translocation of gliomaassociated transcription factors, such as glioma-associated oncogene 1 (GLI1) (Varjosalo and Taipale 2008) , thereby mediating the Hedgehog signal. Moreover, GLI1 is expressed in the normal bile duct (Kiesslich et al. 2014) and is overexpressed in hepatocellular carcinoma (Dugum et al. 2016 ) and cholangiocarcinoma (Kiesslich et al. 2014; Riedlinger et al. 2014) , suggesting that the Hedgehog signaling pathway may be activated in hepatic cancer cells. Considering the cyclopamine-mediated induction of MITF in hepatic cancer cell lines (Samatiwat et al. 2016) , we have hypothesized that the Hedgehog signaling may influence MITF expression in the liver.
As a first step to study the regulation of MITF in the liver, we analyzed its expression profile in human hepatocellular carcinoma and cholangiocarcinoma. We thus show that MITF immunoreactivity is detected in subsets of human hepatocellular carcinoma and cholangiocarcinoma specimens that also express GLI1. Subsequently, we found the increase in MITF expression in human hepatic cancer cells treated with mahanine, a carbazole alkaloid identified in the leaves of Murraya koenigii (Linn.) Spreng (curry leaf) (Roy et al. 2004; Utaipan et al. 2017 ). This plant is used as folk medicine in Thailand, where the liver flukeassociated cholangiocarcinoma is common (Shaib and El-Serag 2004) . In fact, the infection with the liver fluke (Opisthorchis viverrini) is a well-known risk factor of cholangiocarcinoma in Thailand (Haswell-Elkins et al. 1992; Shin et al. 2010) .
In summary, MITF is over-expressed in subsets of hepatocellular carcinoma and cholangiocarcinoma. Conversely, MITF expression may be maintained at the immunologically undetectable level in most of hepatic cancer, similar to the normal liver. A better understanding the regulation of MITF expression may contribute to developing a novel anti-hepatic cancer agent.
Materials and Methods

Materials
Human liver cancer tissue array (LV484) was purchased from US Biomax, Inc. (Rockville, MD, USA). GANT61, Gli-ANTagonist (Lauth et al. 2007 ), was purchased from Wako (Osaka, Japan) and was dissolved in dimethyl sulfoxide (DMSO) (Merck, Darmstadt, Germany) . MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] was from Nacalai tesque, Japan, and Difco™ trypsin 250 was from BD Becton (Sparks, MD, USA). EDTA was from Dojindo Molecular Technologies. Trypan blue staining was from Sigma-Aldrich (St. Louis, MO, USA). Mahanine [3,11-dihydro-3,5-dimethyl-3-(4-methyl-3-pentenyl) ], a carbazole alkaloid, was kindly provided by Prof. Apichart Suksamran, Department of Chemistry, Faculty of Sciences, Ramkhamheng University, Bangkok, Thailand. Mahanine was dissolved in dimethyl sulfoxide (DMSO) at 100 mM as stock solution and further diluted with medium for cell treatment.
Immunohistochemical analysis of human hepatic cancer arrays
The liver cancer tissue array contained 40 cases of hepatocellular carcinoma and 8 cases of cholangiocarcinoma (LV484, US Biomax, Inc.), and two arrays of the same lot were used for analyzing the expression of MITF and GLI1. However, one hepatocellular carcinoma specimen and one cholangiocarcinoma specimen were excluded, because one of the tissue specimens derived from a same patient was peeled from a slide glass during the immunohistochemical procedure with either anti-MITF antibody or anti-GLI1 antibody. In addition, one hepatocellular carcinoma specimen was excluded, because its grade in Pathology Diagnosis was not available. Accordingly, the remaining 38 hepatocellular carcinoma cases and 7 cholangiocarcinoma cases were analyzed. Anti-MITF polyclonal antibody was produced in rabbits using His-Tag-MITF-M as an antigen (Fuse et al. 1999) . MITF-M represents the melanocyte-specific isoform of MITF (Yasumoto et al. 1994) . The antibody thus obtained recognizes a common region that is shared by multiple MITF isoforms, including MITF-M and widely expressed MITF-A and MITF-H (Fuse et al. 1999) . Importantly, this antibody has been successfully used in immunohistochemical analysis (Ohba et al. 2015 . Dilutions of primary antibodies were 1:400 for anti-MITF and 1:100 for anti-GLI1 (BIOSS, Woburn, MA, USA). For simplicity, the presence of detectable immunoreactivity was defined as positive, irrespective of the staining intensity, while the absence of detectable immunoreactivity was defined as negative. In case of positive specimens, almost all cancer cells were reactive with a given polyclonal antibody (anti-MITF or anti-GLI1 antibody). As negative control, the tissue sections were incubated with normal rabbit IgG (DAKO), instead of a primary antibody (data not shown).
Cell culture
Human cholangiocarcinoma cell lines, KKU-100 and HuCCT1, were obtained from JCRB Cell Bank (Osaka, Japan) and RIKEN Cell Bank (Tsukuba, Japan), respectively. KKU-100 cells were cultivated in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum (FBS), and HuCCT1 cells were cultivated in RPMI1640 medium containing 10% FBS. HepG2 hepatocellular car-cinoma cells were cultivated in DMEM containing 10% FBS.
Assessment of cytotoxicity
Cytotoxicity of GANT61 or mahanine was determined in KKU-100 and HuCCT1 cholangiocarcinoma cells and HepG2 hepatocellular carcinoma cells by MTT assay, which is the measure of enzyme activity in mitochondria that reduces 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to purple formazan. In brief, cells were seeded and grown in 96-well flat bottom culture plates at a density of 1 × 10 4 cells/well for 24 h before treatment with varying concentrations of GANT61 for 48 h or mahanine for 24 h. After treatment, culture medium was removed and fresh medium was added. MTT at a final concentration of 1 mg/ml was added into each well in the 96-well plate and incubated for 4 h in a humidified atmosphere at 37ºC under 5% CO 2 . After the medium was removed, acidic isopropanol (100 µl) was added to dissolve the formazan crystal. The amount of formazan was determined based on absorbance at 570 nm, using a plate reader (FlexStation 3 Microplate Reader, Molecular Devices). After subtraction of background, cell viability was expressed as percentage relative to control that was designated as 100%.
In another series of experiments, cells were seeded in 60-mm culture dishes and allowed to grow overnight (80-90% confluence), then incubated with vehicle (DMSO), GANT61 (10 or 20 µM) or mahanine (up to 25 µM) in fresh medium containing 10% FBS for 24 or 48 h. Treated cells were washed twice with ice-cold PBS, detached with cell scrapers, and pelleted by centrifugation at 5,000 g at 4°C for 3 min. Whole cell lysates were prepared, as described previously (Samatiwat et al. 2016) , and cell extracts were collected after centrifuged at 14,000 g for 15 min at 4ºC. Cell extracts (30 µg protein per lane) were subjected to Western blot analysis, as detailed below. The relative intensity of a specific protein band was assessed with the intensity of β-actin (loading control).
Western blot analysis
Whole cell lysates were prepared from KKU-100 and HuCCT1 cholangiocarcinoma cells and HepG2 hepatocellular carcinoma cells. Cell extracts (30 µg protein per lane) were fractionated by SDS-PAGE and blotted to a polyvinylidene fluoride membrane (Immobilon TM -P, Millipore Corporation) in the buffer containing 20% methanol, 48 mM Tris, 39 mM glycine, and 0.037% SDS. The membranes were treated with Tris-buffered saline (TBS) with 0.1% Tween 20 (TBS-T), containing 5% non-fat dried milk for 1 h at room temperature, exposed with each antibody in TBS-T for 2 h at room temperature, and were washed three times each for 10 min in TBS-T at room temperature. The antibodies used were mouse monoclonal anti-MITF antibody (C5) (NeoMarkers, Fremont, CA), anti-heme oxygenase (HO)-1 antibody (ADI-SPA-896, Enzo Life science, Farmindale, NY, USA), and anti-β-actin antibody (Sigma-Aldrich, St. Louis, MO). Finally, immunoreactive proteins were detected with a Western blot kit (Millipore Corporation). Horseradish peroxidase (HRP)-conjugated donkey anti-rabbit immunoglobulin (NA9340) and HRPconjugated sheep anti-mouse immunoglobulin (NA931) were from GE Healthcare (Buckinghamshire, UK).
Statistical analysis
The cytotoxicity experiments were performed at least three independent times, and all data were expressed as the mean ± standard deviation (SD). Statistical significance of the results was analyzed using Student t-test. A p value < 0.05 was considered significant.
Results
Expression profiles of MITF in hepatocellular carcinoma
To explore the hitherto unknown role of MITF in the liver, we immunohistochemically analyzed the expression profiles of MITF in hepatocellular carcinoma of the human liver cancer tissue array. Because we used two separate tissue arrays containing the same series of cancer specimens, it is not necessarily possible to analyze the consecutive tissue sections. GLI1 expression was also analyzed as a poor prognosis marker of hepatocellular carcinoma (Che et al. 2012 ). Fig. 1 shows representative tissue sections of one hepatocellular carcinoma that was negative for both MITF and GLI1 immunoreactivities (tissue sections of panel A) and one sample that was positive for both MITF and GLI1 immunoreactivities (tissue sections of panel B). Notably, MITF and GLI1 immunoreactivities were consistently detected in cytoplasm, but not detectable in cell nuclei.
The immunohistochemical analysis of 38 hepatocellular carcinoma specimens revealed the two groups of carcinoma (Table 1) : cancer cells with undetectable MITF immunoreactivity (n = 32, 84%) and those with detectable MITF immunoreactivity (n = 6, 16%). Thus, MITF was expressed below the immunologically detectable levels in most cases of hepatocellular carcinoma. Importantly, three of the six MITF-positive hepatocellular carcinomas were categorized as poorly differentiated histology (50%), whereas eight of 32 MITF-negative hepatocellular carcinomas (25%) were categorized as poorly differentiated histology (Table 1) . Thus, detectable MITF immunoreactivity is associated with poor prognosis in patients with hepatocellular carcinoma. Incidentally, the hepatocellular carcinoma specimens of female patients were negative for MITF immunoreactivity (n = 4; Table 1), although there was no sex difference in the positive rate for MITF immunoreactivity.
On the other hand, GLI1 immunoreactivity was detected in 55% of hepatocellular carcinoma specimens (21 out of 38 specimens) and undetectable in 45% specimens (17 out of 38 specimens; Table 2 ). Moreover, GLI1-positive hepatocellular carcinoma specimens showed poorly differentiated phenotypes (Table 2) , whereas all of GLI1-negative hepatocellular carcinoma specimens showed moderately differentiated phenotypes. These results are consistent in part with the implication of GLI1 expression as a poor prognosis marker (Che et al. 2012) . The positive rate for GLI1 immunoreactivity was significantly lower in female patients than the rate in male patients (P = 0.03, Table 2 ). In fact, all of the four specimens of female patients were negative for both MITF and GLI1 immunoreactivities (Tables 1 and 2) .
Importantly, MITF immunoreactivity was detected only in GLI1-positive hepatocellular carcinoma specimens (6 out of 21 GLI1-positive specimens, 29%; Table 3 ), sug- (A) One representative hepatocellular carcinoma specimen that is negative for MITF immunoreactivity (left) and GLI1 immunoreactivity (right) (magnification: × 400), out of 17 double-negative specimens. The presented hepatocellular carcinoma specimen was categorized as grade 2 (moderately differentiated) (Tables 1 and 2) ; namely, cells appear slightly different than normal. (B) One representative hepatocellular carcinoma specimen that is positive for MITF immunoreactivity (left) and GLI1 immunoreactivity (right) (magnification: × 400), out of six double-positive specimens. The presented hepatocellular carcinoma specimen was categorized as grade 3 (poorly differentiated) (Tables 1 and 2) ; namely, cells appear abnormal. Note that MITF immunoreactivity was detected only in GLI1-positive hepatocellular carcinoma. gesting that MITF expression may be correlated to GLI1 expression in a subset of hepatocellular carcinoma. These results are also consistent in part with the proposal that MITF expression is associated with poor prognosis in hepatocellular carcinoma. On the other hand, MITF immunoreactivity was undetectable in most of GLI1-positive hepatocellular carcinoma (n = 15, 71%; Table 3 ). Thus, GLI1 may differentially influence MITF expression, depending on the activity of Hedgehog signaling pathway in hepatocellular carcinoma cells.
MITF immunoreactivity
Expression profiles of MITF and GLI1 in cholangiocarcinoma specimens
We also analyzed the expression profiles of MITF and GLI1 in cholangiocarcinoma specimens (n = 7), although we were unable to perform the statistical analysis with such a small sample size (Tables 4 and 5 ). All of the seven cholangiocarcinoma specimens showed moderately differentiated phenotypes. MITF immunoreactivity was detected in two cholangiocarcinoma specimens (29%, 2 out of 7 specimens; Table 4 ), while GLI1 immunoreactivity was detected in six cholangiocarcinoma specimens (86%; 6 out of 7 specimens; Table 5 ). Importantly, MITF immunoreactivity was detected only in the GLI1-positive cholangiocarcinoma (Table 6) , which is similar to the finding in hepatocellular carcinoma.
Among the seven specimens (Table 6 ), one cholangiocarcinoma specimen was negative for both MITF and GLI1 immunoreactivities ( Fig. 2A) . The undetectable GLI1 expression suggests that Hedgehog signaling may be impaired in a subset of cholangiocarcinoma, because GLI1 is expressed in the normal bile duct (Kiesslich et al. 2014 ). On the other hand, there were two cholangiocarcinoma specimens that were positive for both MITF and GLI1 immunoreactivities (Table 6 ). One of the two double-positive cholangiocarcinoma specimens is shown in Fig. 2B . Notably, MITF immunoreactivities were detected in cytoplasm of cholangiocarcinoma cells, except for a cholangiocarcinoma cell with the nuclear expression (Fig. 2B ). 
MITF immunoreactivity
MITF immunoreactivity positive (n = 2)
negative (n = 5)
GLI1 immunoreactivity
positive (n = 6) 2 4 negative (n = 1) 0 1 Table 6 . Expression Profiles of MITF and GLI1 in Cholangiocarcinoma.
All values represent the number of patients.
Differential effects of GANT61 on MITF expression in hepatic cancer cell lines
The findings with the hepatic cancer tissue array suggest that MITF may be over-expressed in subsets of hepatocellular carcinoma and cholangiocarcinoma. In particular, MITF expression is consistently associated with GLI1 expression, although MITF expression was undetectable in most of hepatocellular carcinoma and cholangiocarcinoma, irrespective of GLI1 expression. To explore the regulatory role of GLI1 for MITF expression, we analyzed the effects of GANT61 on the MITF expression in three human hepatic cancer cell lines: HepG2 hepatocellular carcinoma, HuCCT1 cholangiocarcinoma, and KKU-100 cholangiocarcinoma. GANT61 directly binds to GLI1, thereby inhibiting GLI1-mediated transcription (Agyeman et al. 2014 ). These cell lines were used, because we showed that the treatment for 24 h with cyclopamine, a Hedgehog signaling antagonist, caused the induction of MITF expression in HepG2 hepatocellular carcinoma cells and HuCCT1 cholangiocarcinoma cells, but tended to decrease the MITF level in KKU-100 cholangiocarcinoma cells, as judged by Western blot analysis (Samatiwat et al. 2016 ). These results suggest that MITF expression may be differentially regulated by Hedgehog signaling in hepatic cancer cells.
The treatment for 24 h with GANT61 at 20 µM did not significantly influence the cell viability and MITF expression levels in these cell lines (data not shown). However, the treatment for 48 h with GANT61 at 20 µM significantly decreased the viability of HepG2 cells and HuCCT1 cells, but not KKU-100 cells (Fig. 3A) . Among these cell lines, HepG2 cells appeared to be more sensitive to the toxicity of GANT61, compared with HuCCT1 cells and KKU-100 cells. Importantly, the treatment for 48 h with GANT61 induced the MITF expression in HuCCT1 cells, but decreased MITF expression levels in HepG2 cells and KKU-100 cells (Fig. 3B) . We also analyzed expression levels of HO-1 that is an enzyme responsible for physiological heme catabolism (Shibahara 2003) and also plays a cytoprotective role in cholangiocarcinoma cells (Kongpetch et al. 2012 ). GANT61 at 10 or 20 µM induced the expression of HO-1 in HepG2 cells, HuCCT1 cells, and KKU-100 cells, which may contribute to the survival of these cancer cells. Because the effects of GANT61 were detected only after 48 h, we suggest that GANT61 may indirectly influence the MITF expression.
Fig. 2. Expression profiles of immunoreactive MITF and GLI1 in cholangiocarcinoma.
(A) One cholangiocarcinoma specimen that is negative for MITF immunoreactivity (left) and GLI1 immunoreactivity (right) (magnification: × 400). Among seven cholangiocarcinoma specimens, there was only one sample that is negative for both MITF and GLI1. (B) One cholangiocarcinoma specimen that is positive for MITF immunoreactivity (left) and GLI1 immunoreactivity (right) (magnification: × 400). The tissue sections shown represent one of two cholangiocarcinoma specimens that are positive for both MITF and GLI1. Note that MITF immunoreactivity was detected in the nucleus of a single cholangiocarcinoma cell (indicated with red triangle). All of the cholangiocarcinoma specimens were categorized as grade 2 (moderately differentiated) ( Table 4) .
Induction of MITF expression by mahanine in hepatic cancer cells
The findings with the hepatic cancer tissue array and hepatic cancer cell lines suggest that MITF expression may be differentially regulated, depending on the activity of the Hedgehog signaling pathway. Among the hepatic cancer cell lines used, HuCCT1 cholangiocarcinoma cells were most resistant to cisplatin, compared with KKU-100 cholangiocarcinoma cells and HepG2 hepatocellular carcinoma cells (Samatiwat et al. 2016 ). Incidentally, KKU-100 cholangiocarcinoma cells were established from a Thai patient with liver fluke infection (Sripa et al. 2005) . We therefore focused on mahanine, a carbazole alkaloid, that has been used as folk medicine in Thailand (Fig. 4A) . Mahanine was shown to induce cell death in human cancer cells through inhibiting the autophagic degradation activity, a mechanism different from cisplatin (Utaipan et al. 2017) . Treatment for 24 h with mahanine at 25 µM significantly decreased the viability of HepG2 hepatocellular carcinoma cells and HuCCT1 and KKU-100 cholangiocarcinoma cells (Fig.  4B) . Unexpectedly, MITF expression levels were increased in these dying cells treated with mahanine (Fig. 4C) . Moreover, the increase in the MITF expression levels was associated with the decrease in HO-1 expression levels, the latter of which may enhance the cell toxicity of mahanine, as reported for the antitumor effect of 5-fluorouracil and gemcitabinein on cholangiocarcinoma cells (Samatiwat et al. 2015) . These results suggest the possibility that mahanine is a potential reagent for the treatment of hepatic cancer.
Discussion
Cytoplasmic expression of MITF in hepatocellular carcinoma and cholangiocarcinoma
Using the human liver cancer tissue array, we show the cytoplasmic expression of MITF in subsets of hepatocellu- lar carcinoma and cholangiocarcinoma specimens. Importantly, MITF is co-expressed with GLI1, a poor prognosis marker for hepatic cancer (Che et al. 2012) . The clinical data also support that MITF expression is a poor prognosis marker for hepatocellular carcinoma (Table 1) . However, the impact of MITF expression in the prognosis of cholangiocarcinoma remains to be investigated, due to the limited number of cholangiocarcinoma specimens. On the other hand, MITF expression is undetectable in most of hepatic cancer specimens, irrespective of GLI1 expression (Tables 3 and 6) .
We are interested in the cytoplasmic expression of MITF in hepatic cancer cells, because the cytoplasmic retention of MITF was reported in pancreatic cancer cells (Perera et al. 2015) . The nutritional starvation enhanced the nuclear translocation of MITF, which in turn could stimulate the processes of autophagy in pancreatic cancer (Perera et al. 2015) . Thus, the cytoplasmic expression of MITF may reflect the sufficient nutrition in hepatic cancer cells, which may be beneficial for cancer cell proliferation but may be predictive of poor prognosis in cancer patients. In this context, we have shown the cytoplasmic expression of Mitf in various cell types of the mouse kidney, except for the renal tubular epithelial cells with the nuclear localization of Mitf . It is therefore conceivable that cytoplasmic MITF/Mitf may exert a hitherto unknown function essential for cellular homeostasis.
Another question remains to be clarified is the identity of MITF isoform that is over-expressed in hepatocellular carcinoma and cholangiocarcinoma specimens, because MITF consists of multiple isoforms with different aminotermini (Udono et al. 2000) . In this context, using the realtime RT-PCR analysis, we have shown that among MITF isoform mRNAs, only MITF-A and MITF-H mRNAs were detected in the human liver and HepG2 hepatocellular carcinoma cells (Samatiwat et al. 2016 ), although their expres- sion levels were about three-fold lower than those in HuCCT1 and KKU-100 cholangiocarcinoma cells (Samatiwat et al. 2016) .
Potential role of Hedgehog signaling for regulation of MITF expression
Hedgehog signaling plays a critical role in growth of digestive tract tumors (Berman et al. 2003) , and the subsequent reports showed the activation of Hedgehog signaling in hepatocellular carcinoma (Huang et al. 2006; Al-Bahrani et al. 2015; Dugum et al. 2016 ) and cholangiocarcinoma (Kiesslich et al. 2014; Riedlinger et al. 2014) . In fact, we have shown that GLI1 immunoreactivity was detected in 55% of hepatocellular carcinoma (21/38 specimens) and 86% of cholangiocarcinoma (6/7 specimens) (see Tables 2  and 5 ). Furthermore, GLI1 has been shown as a poor prognosis marker for hepatic cancer (Che et al. 2012) . Importantly, MITF is co-expressed with GLI1 only in subsets of hepatocellular carcinoma and cholangiocarcinoma. It is therefore conceivable that Hedgehog signaling may differentially regulate MITF expression in hepatocellular carcinoma and cholangiocarcinoma.
Here, we showed that GANT61 treatment for 48 h increased MITF expression levels in HuCCT1 cholangiocarcinoma cells and decreased MITF expression levels in HepG2 hepatocellular carcinoma cells and KKU-100 cholangiocarcinoma cells (see Fig. 3 ). Moreover, the treatment with cyclopamine caused the induction of MITF expression in HepG2 hepatocellular carcinoma cells and HuCCT1 cholangiocarcinoma cells, but tended to decrease the MITF level in KKU-100 cholangiocarcinoma cells (Samatiwat et al. 2016 ). These results suggest that Hedgehog signaling may down-regulate MITF expression in HuCCT1 cholangiocarcinoma cells and up-regulate MITF expression in KKU-100 cholangiocarcinoma cells. On the other hand, in HepG2 hepatocellular carcinoma cells, cyclopamine and GANT61 exerted the opposing effects on MITF expression. These results suggest that either cyclopamine or GANT61 may influence MITF expression through a mechanism that is unrelated to Hedgehog signaling.
To the best of our knowledge, there has been no report concerning the co-expression of MITF and GLI1 in any types of cancer, including hepatocellular carcinoma and cholangiocarcinoma. In this context, it was reported that MITF-M expression was inhibited in melanoma cell lines by GLI2 transcription factor that acts downstream of the Hedgehog signaling pathway (Pierrat et al. 2012) . However, the expression of MITF-M mRNA was undetectable in the normal human liver, HepG2 hepatocellular carcinoma cells, and HuCCT1 and KKU-100 cholangiocarcinoma cells, in all of which MITF-A and MITF-H mRNAs are predominantly expressed (Samatiwat et al. 2016) . Importantly, in addition to GLI1 (Kiesslich et al. 2014) , GLI2 is also expressed in cholangiocytes of healthy subjects (Jung et al. 2007 ). Thus, under the physiological conditions, the Hedgehog signaling may down-regulate MITF expression in hepatocytes and/or cholangiocytes. It remains to be investigated whether GLI1 or GLI2 could influence transcription from MITF-A or MITF-H promoter (Udono et al. 2000) .
Implication of the mahanine-mediated induction of MITF expression
Mahanine was proposed to induce cell death by acting as a mitochondrial complex-III inhibitor of the electron transport chain in human glioblastoma cells (Bhattacharya et al. 2014) . Moreover, mahanine was reported to inhibit the autophagic degradation activity in human oral squamous cell carcinoma cells (Utaipan et al. 2017 ). Here we have shown that mahanine exerted the potent cell toxicity in the hepatic cancer cell lines, including HuCCT1 cells that were resistant to cisplatin (Samatiwat et al. 2016 ); namely, mahanine may kill hepatic cancer cells through the mechanism different from cisplatin. The decrease in HO-1 expression may also contribute to the severe cell toxicity of mahanine in hepatic cancer cells (Fig. 4) . The mahaninemediated MITF induction may reflect the compensatory mechanism for restoring the cell survival. However, these unexpected findings need further experiments.
Conclusion
We have shown the cytoplasmic expression of MITF in subsets of hepatocellular carcinoma and cholangiocarcinoma specimens. Importantly, MITF immunoreactivity is detected only in the hepatic cancer specimens that also express GLI1 immunoreactivity. Subsequently, we showed that MITF expression was upregulated in dying hepatic cancer cells treated with mahanine. Thus, MITF expression level may be determined in the liver by the balance between the activity of the Hedgehog signaling pathway and the degree of the cellular stress.
